tube-associated proteins gp48 and gp54 was located (Kanamaru et al., 2002) . Subsequently, the phage DNA is released into the cell through the tube (Simon and at the top of the baseplate dome. The long tail fibers were proposed to attach collinearly to gp9, which was Anderson, 1967a). Contraction of the T4 tail can be induced by treatment found to have a variable orientation in agreement with the swinging motion observed for the long tail fibers with a concentrated lipopolysaccharide solution or 3 M urea (Coombs and Arisaka, 1994) . Such treatment does (Kellenberger et al., 1996) .
The phage initially recognizes the host via reversible not cause the release of the phage DNA, indicating that the contraction and the DNA release are not linked interaction of the tips of its long tail fibers with lipopolysaccharide cell surface receptors (Crawford and Gold-(Goldberg et al., 1994). Phages with contracted tails can infect spheroplasts (cells with exposed cytoplasmic berg, 1980; Goldberg et al., 1994). In this configuration, the baseplate is about 1000 Å away from the cell surface membrane) of the E. coli-like bacteria, suggesting that the release of the phage DNA can be triggered only by Anderson, 1967a, 1967b) . Subsequently, the baseplate is brought closer to the cell surface, allowing interaction of the tail tube with the E. coli cytoplasmic membrane (Goldberg et al., 1994) . the short tail fibers to bind irreversibly to the lipopolysaccharides and causing the baseplate to switch into the We report here a 17 Å resolution, three-dimensional, cryoEM reconstruction of the contracted T4 tail and star conformation. This initiates sheath contraction, which propagates in a manner of falling dominos (Moody, identify the locations and shapes of its component proteins. Using the 12 Å resolution structure of the hexago-1973). The sheath then contracts to about 37% of its original length and drags the baseplate along the tail nal baseplate (Kostyuchenko et al., 2003), we identified the structural rearrangements, which occur in the batube, making the tube protrude from beneath the baseplate by about half of the tube's length (Moody, 1967;  seplate during the hexagonal-to-star conformational switch leading to sheath contraction. We propose that Simon and Anderson, 1967a). The tube penetrates through the cell envelope with the help of the tail lysothis conformational transition is responsible for repositioning the baseplate from being 1000 Å away from the zyme gp5 and reaches to the cytoplasmic membrane (Figures 2A and 2B ). The C-terminal domain of gp11 points the latter to interact with gp8. The current reconstruction supports the hypothesis that the hexagonal-to-star conaway from the phage head, and its trimer axis makes a 144Њ angle with respect to the 6-fold axis of the baseformational change of the baseplate is the result of a reorientation of the pins (gp7, gp10, gp11) (Watts et al., plate. In the star conformation, however, the gp11 C-terminal domain points toward the phage head, and 1990) and additionally shows that the transformation also involves rearrangements of gp8, gp9, and gp12 the trimer axis makes a 48Њ angle with respect to the baseplate 6-fold axis. Thus, upon completion of the situated around the periphery of the baseplate. After gp7, gp8, gp9, gp10, gp11, and gp12 had been baseplate's conformational change, each gp11 molecule rotates by almost 100Њ and associates with a long assigned to their specific positions, their densities were set to zero in the baseplate map. The remaining portion instead of a short tail fiber. The interaction between gp10 and gp11 is unchanged in the two conformations of the map was ascribed to the unassigned proteins gp6, gp25, and gp53. In the hexagonal baseplate, the (Figures 2A and 2B) . As a result, domain IV of gp10 changes its orientation, causing the associated short gp6-gp25-gp53 density surrounds the hub (the gp5-gp27 complex) and the end of the tail tube (gp48 and/or tail fiber to unfold from under the baseplate and point Figure  1A . For clarity, the density corresponding to the gp20 dodecamer is shown at a lower contour level than the rest of the map. The portal protein from phage φ29, shown as a yellow C ␣ trace, is fitted into the gp20 density. The assignment of densities to gp3, gp15, gp13, and gp14 is tentative due to a lack of additional structural and biochemical data. The Sheath The cryoEM reconstruction of the sheath shows that it change of this complex might initiate sheath contraction.
is composed of 138 subunits of gp18 arranged into 23 hexameric rings ( Figure 3A ). This number of gp18 subSix 230 Å -long stretches of the proximal part of the long tail fiber, which is composed of the gp34 trimer, units is different from that reported earlier (Abuladze et Figure 3C ). These rings were superimposed onto each other, and 1/6 th of the common volume was asdiameter platform on top of the baseplate's dome in the hexagonal conformation, formed by gp6, gp25, and signed to a gp18 monomer based on the connectivity seen in the cryoEM density. Each gp18 monomer was gp53. As first noted by King (King, 1971), this platform resembles a ring of gp18 subunits of the extended found to contain three lobes, with the outer two connected to the inner lobe by a weak density located at sheath at low resolution. Apparently, this platform was included as a part of the sheath in subsequent studies about 100 Å radius from the 6-fold axis ( Figures 3C and  4A ). Proteolysis studies suggest that the larger and more (Abuladze et al., 1994 ). In the current cryoEM reconstruction, the diameter and structure of the contracted exposed lobe of gp18 is in the N-terminal domain (residues 82 through 320), whereas the other two lobes corsheath are different from those of the platform, allowing for assignment of the sheath's terminal ring.
respond to the C-terminal domain (residues 361 through 659) (Arisaka et al., 1990; Takeda et al., 1990). The gp18 subunits form a six start right-handed helix with a pitch of 16.4 Å and a twist angle of 32.9Њ, situated
The two external lobes of each gp18 subunit (except for the terminal gp18 rings) interact with their four nearbetween radii of 60 Å and 165 Å (Figures 3A and 4A) . These parameters resemble those of the polysheath heest neighboring subunits, whereas the internal lobes form a six start helix with few interactions between lix (pitch 15 Å , twist angle 32Њ) (Amos and Klug, 1975) , which was used as the starting model for the present neighboring strands ( Figure 3B ). The contacts between the inner lobes within each strand appear to be more reconstruction. The sheath has an inner diameter of 120 Å and does not interact with the 90 Å diameter tail extensive than those between the outer lobes, which is consistent with the observation that the sheath can be tube, in agreement with previous observations (Amos and Klug, 1975) . Upon superimposing the midsection of depolymerized by osmotic shock into individual strands of gp18 subunits in which the interactions between the the sheath onto itself using the helical transformation, the correlation coefficient was found to be 0.98, showing inner lobes would be preserved (Coombs and Arisaka, 1994). It is possible, therefore, that the interactions bethat there is little variation in the structure of the gp18 subunits and that the sheath contracts uniformly.
tween the inner lobes of gp18 persist in both conforma- ., 2003) . Thus, the density observed At about this distance from the top of the sheath, the in the tube of the urea-treated particles may be phage symmetry of the density in the neck region switches DNA, one end of which extends from the capsid in prepafrom being 6-fold to 12-fold, although only 6-fold symration for injection into the host cell. metry was applied during the reconstruction. Thus, the Using 80 Å resolution X-ray diffraction of tubes ori-6-fold-symmetric density extending from the gp3 hexented in gels, Moody and Makowski (1981) had shown amer was assigned to gp15 ( Figures 4A and 4B) . that the tail tube is a six start helix with a 41 Å -long
The dodecameric portal protein gp20 occupies the repeating unit and a twist angle of about 18Њ between the unique vertex of the capsid (Black et al., 1994) . The successive repeats. Because these helical parameters portal connector assembly was found to have a similar coincide with those of the noncontracted sheath, it had core structure for two unrelated tailed phages φ29 and been suggested that the sheath is assembled onto the SPP1 (Orlova et al., 2003) . Hence, the assumption that tail tube with each gp18 subunit interacting with a correthe T4 connector has also a similar core structure would sponding gp19 subunit (Coombs and Arisaka, 1994) . seem reasonable. Thus, the density, corresponding to However, the reconstruction presented here shows that the gp20 connector (MW ϭ 61.0 kDa), was identified by the tube is constructed of 61.8 Å -long repeating units fitting the crystal structure of the φ29 connector (MW ϭ arranged with a twist angle of 2.5Њ ( Figure 3D ). These 35.9 kDa) (Simpson et al., 2000) into the cryoEM map helical parameters bear no relationship to those of Moody and Makowski (1981), but visual inspection ( Figure 4B ). Gp20, however, is a larger protein, and some of the gp20 density is not occupied by the φ29 portal extended spring ready to be triggered (Caspar, 1980) protein structure. and thus represent a high energy, metastable state of The region of the neck situated between the putative the structure. gp15 and gp20 densities has pseudo 12-fold symmetry
The wealth of experimental information on T4 infecand, based on its volume, would have a mass of about tion, combined with the structural results presented 230 kDa, which corresponds to 19 kDa per monomer here, permits the analysis of the mechanism that conassuming 12-fold symmetry or 36 kDa per monomer trols the concerted macromolecular interactions, which assuming 6-fold symmetry. This density could represent occur in the baseplate when the phage attaches to the either gp13 (MW ϭ 35 kDa) or gp14 (MW ϭ 30 kDa) host cell ( Figure 5 ). The attachment of at least three long proteins, which participate in attachment of the assemtail fibers to their host cell receptors results in these bled tail to the head (Figures 4A and 4B) Figures 1 and 2) . The density comprising the central portion of the baseplate, assigned to gp6, gp25, and Preparation of Phages with Contracted Tails for cryoEM gp53 in the hexagonal conformation of the baseplate, was then A T4 phage sample of 1 ml with a titer of about 10 11 plaque forming compared to that in the star-shaped structure. Once the map correunits per ml was diluted 10-fold by 3 M urea buffered with 50 mM sponding to the baseplate had been interpreted, the limits of the Tris-HCl at pH 8.0 complemented with 1 mM MgCl 2 and incubated repetitive oligomeric sheath were readily established. for 2 hr at ϩ4ЊC.
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